Questions: The rapid climate warming in tundra ecosystems can increase nutrient availability in the soil, which may initiate shifts in vegetation composition. The direction in which the vegetation shifts will co-determine whether Arctic warming is mitigated or accelerated, making the understanding of successional trajectories urgent.
| INTRODUCTION
In recent decades the Arctic has warmed faster than the global average (ACIA 2005; Screen & Simmonds, 2010) . Moreover, temperature increases in the Arctic have been predicted to be twice as high as the global average by the end of this century (IPCC 2013) . This rapid climate warming also warms tundra soil and consequently increases soil nutrient availability. Warmer temperatures stimulate microbial activity and increase mineralization rates of organic matter (Davidson & Janssens, 2006; Rustad et al., 2001) , particularly in the upper soil, where fresh plant litter decays and temperature is more influenced by air temperature than deeper in the soil. In the deeper soil layers, frozen ancient soils contain a large amount of organic matter, including nutrients (Beermann et al., 2016; Kokelj & Burn, 2003; Zimov, Schuur, & Chapin, 2006) . Climate warming deepens the thawing depth of permafrost in the growing season and thus extra nutrients are mobilized in deeper soil (Frey & McClelland, 2009; Keuper et al., 2012) . In this study we assessed nutrient uptake strategies of common tundra plants to explore whether the changes in nutrient distribution will merely increase vegetation productivity or cause shifts in vegetation composition. As shifts in vegetation composition can modify the impact of climate warming, understanding future succession trajectories is one of the key questions in the Arctic today.
Plant growth in tundra ecosystems is extremely nutrient-limited because of the low soil temperatures, which limit nutrient mineralization rates (Bowman, Theodose, Schardt, & Conant, 1993; Chapin, 1987; Haag, 1974) , as well as the shallow biologically active zone, i.e. the active layer that freezes in the winter and thaws in the summer. Many studies have shown that changes in nutrient availability can cause major physiognomic changes in tundra vegetation, with increasing abundance of graminoids (Dormann & Woodin, 2002; Henry, Freedman, & Svoboda, 1986) , shrubs (Chapin, Shaver, Giblin, Nadelhoffer, & Laundre, 1995; DeMarco, Mack, Bret-Harte, Burton, & Shaver, 2014; Shaver & Chapin, 1986) or both (Chapin & Shaver, 1996; Gough, Moore, Shaver, Simpson, & Johnson, 2012; Wang et al., 2017) , depending on local plant communities and multiple environmental factors. Among the nutrients, N is the most often reported limiting nutrient in tundra ecosystems (Bowman et al., 1993; Chapin et al., 1995; Henry et al., 1986; Hobbie & Gough, 2002) . The nutrient limitation in tundra ecosystems implies that the success of a plant in a warmer climate, and thus vegetation shifts in the tundra, depends on its ability to absorb as much of the nutrient pool as possible, either from the extra mineralized nutrients in the upper layers or from the newly mobilized nutrients in the deeper layers.
In tundra ecosystems, rooting depth differs between key plant functional types (PFTs): shrubs have much shallower roots than graminoids (Miller, Mangan, & Kummerow, 1982; Shaver & Cutler, 1979; Wang et al., 2016) , which means that graminoids might be more capable of taking up nutrients in the deep soil than shrubs. Nevertheless, the nutrient acquisition of shrubs in tundra ecosystems also relies on mycorrhizal fungi (Clemmensen, Sorensen, Michelsen, Jonasson, & Ström, 2008) , whose mycelium can go deeper into the soil than shrub roots themselves. In this case, shrubs may also take up nutrients from the deeper soil. Therefore, it is still unclear whether graminoids and shrubs differ in their vertical niches of nutrient uptake. A previous study showed that the dwarf shrub Vaccinium vitis-idaea L. mainly relied on shallow nutrients, while other graminoid and shrub species did not display a preference between shallow and deep nutrients (McKane et al., 2002) . However, this study only compared depths of 3 cm and 8 cm, which is quite shallow. One study in a high Arctic semi-desert showed that dwarf shrubs took up more ammonium from shallow soil, while graminoids took up ammonium equally from shallow and deep soil (Oulehle, Rowe, Myska, Chuman, & Evans, 2016) . Another study in wet tundra showed that two graminoid species took up little ammonium from the surface soil and deepest soil (permafrost boundary) but took up most ammonium from the middle soil layer, while one shrub species took up most ammonium from the surface soil (Zhu, Iversen, Riley, Slette, & Vander Stel, 2016) . The discrepancies between these studies highlight the necessity for investigation on niche differentiation of nutrient uptake between graminoids and shrubs, particularly in the deep soil layer.
The aim of this study is to assess the depths at which different plant species take up nutrients and to explore the implications for tundra vegetation change. We hypothesized that dwarf shrub species focus their nutrient uptake in the shallower soil layers, whereas graminoid species take up most nutrients from the deeper soil layers. To test this hypothesis, we set up a 
| METHODS

| Site description
We performed our study at the long-term research facility in the Kytalyk Nature Reserve (70º49′N, 147º29′E). The reserve is lo- The study area is in the lowlands of the Indigirka River and underlain by thick continuous permafrost with a shallow active layer of 25-35 cm at the end of the growing season (Blok et al., 2010; Juszak, Eugster, Heijmans, & Schaepman-Strub, 2016) . The circumpolar Arctic Vegetation Map (Walker et al., 2005) 
| Experimental design
We selected is more abundant than NO 3 in the tundra soil (McKane et al., 2002; Wang et al., 2016) . The amount of added N was unlikely to affect plant growth, as annual N requirement for above-ground vascular production is about 100 times higher (2,500 mg/m 2 , according to Chapin et al. (1995) ). We had three treatments that differed in injection depth (5 cm, 15 cm, thaw front), and a control treatment with no injection. We had five replicates for each treatment, resulting in a total of 20 plots. Because of the shallow thaw depth at the time of injection, the injection depths in the thaw front injection treatment were 18.4-22.8 cm.
Two weeks after 15 N injection, leaves of each species were sampled at multiple points within each plot. To avoid edge effects, we only took samples from the central 50 cm × 50 cm area. We sampled four of the five plots in the 15 cm injection treatment due to time restrictions. For the grasses we did not distinguish Arctagrostis latifolia (R.Br.) Griseb.
from Calamagrostis holmii Lange, and for the sedges we did not distinguish Carex aquatilis from Carex bigelowii. Deciduous shrub species (B. nana) and evergreen shrub species (R. tomentosum, V. vitis-idaea) were sampled in all plots; but samples of sedge species (E. vagina-
tum, C. bigelowii/C. aquatilis) and grass species (A. latifolia/C. holmii)
were absent in two and three plots, respectively (Appendix S1).
Samples were air-dried and stored in paper bags. In the Netherlands, samples were further dried in an oven at 70°C for at least 12 h and weighed. They were then ground with a ball mill (Retsch, Haan, DE) were analysed with an automated wet chemistry analyzer (SKALAR SAN Plus System, Breda, The Netherlands) to explore whether differences in nutrient stoichiometry could potentially explain differences in nutrient limitation (Güsewell, 2004) .
| Statistical analysis
First, we tested for differences in the natural abundance of 15 N among the sampled species, using only data from the control plots, to see if it was appropriate to group them into PFTs for further analyses. We ran a LMM with species as the fixed factor and plot as a random factor, and 15 N atom% in the control treatment as the dependent variable.
Least squares means were calculated for pair-wise comparison with
Bonferroni-Holm p-value adjustment.
In further analyses, we distinguished four PFTs: grass, sedge, deciduous shrub and evergreen shrub. We ran a LMM with PFT and injection depth as fixed factors, and plot as a random factor to check if the effects of injection depth were different between PFTs.
Least squares means were calculated for pair-wise comparison with Bonferroni-Holm p-value adjustment.
To obtain a normal distribution and homogeneity of variances, LMM were run using package lme4 v 1.1-7; p-values were calculated by using package lmerTest v 2.0-20. (Table 1) .
| RESULTS
Natural
Nitrogen and P concentrations were highest in deciduous shrub leaves and lowest in evergreen shrub leaves (Table 2 ; F 3,61 = 32.4, p < .001 and F 3,61 = 26.3, p < .001). Potassium concentration was much higher in graminoid leaves than in shrub leaves (Table 2 ; F 3,65 = 14.6, p < .001). Leaf N:P ratio of all PFTs was about ten, and N:P ratio of sedge leaves was significantly lower than that of shrub leaves (Table 2; F 3,64 = 6.5, p = .001).
| DISCUSSION
| Natural
N abundance
Our results show that graminoids and shrubs significantly differ in their natural 15 N abundance. This difference can result from several factors. First, shrub species in our study are probably colonized by ecto-or ericoid mycorrhizal fungi, which discriminate against 15 N during the synthesis of transfer compounds (Hobbie & Hobbie, 2008; Michelsen, Quarmby, Sleep, & Jonasson, 1998; Nadelhoffer et al., 1996) . Therefore, N transferred from mycorrhizal fungi to the shrub leaves is 15 N depleted compared to the N pool, resulting in a lower 15 N abundance relative to atmospheric background in tissues of mycorrhizal shrubs. Second, microbes may prefer 14 N during mineralization, leading to higher 15 N abundance in older and deeper-buried soils where 14 N is more depleted (Nadelhoffer et al., 1996 ; but see Högberg, 1997) . In tundra ecosystems, graminoids usually have deeper root systems than shrubs (Miller et al., 1982; Shaver & Cutler, 1979; Wang et al., 2016 et al., 1996) . Whether this is because of a lower interaction with mycorrhizal fungi at our study site than other sites requires further investigation. 
| Plant absorption of N at different depths
2016, 2017). The depth-dependent effect implies that graminoids and
shrubs differ in the spatial niche of N absorption. Graminoids showed higher capacity to absorb ammonium N from deeper soil than from shallower soil, although ammonium availability was lower in deeper soil (Wang et al., 2017) . In contrast, shrubs were slightly more capable of absorbing N from shallower soil than from deeper soil, suggesting niche differentiation between graminoids and shrubs in their nutrient uptake. Unfortunately we did not sample all the plants in each plot, so we cannot conclude how much applied 15 N was precisely acquired by plants. However, given the more than 20 to 100 times higher 15 N concentrations in graminoids than in shrubs in the thaw front injection treatment and about three to ten times higher biomass of shrubs than graminoids at the same site (Wang et al., 2017) , it is very likely that graminoids acquired much more 15 N than shrubs at the thaw front, and vice versa in the surface soil.
Another two studies also investigated N uptake depth of tundra plants (Oulehle et al., 2016; Zhu et al., 2016) . In contrast to our findings, they did not find graminoids taking up most of their N from the deepest soil layer. The study of Oulehle et al. (2016) was performed in a semi-desert tundra, and roots at their site were mostly concentrated in the surface organic layer, which was 2-cm thick, which might explain their finding that graminoids took up N equally from shallow and deep soil layers. The study of Zhu et al. (2016) was performed in homogeneous patches of each species, and they showed that nutrient uptake pattern in general followed the root distribution pattern and that graminoids took up most of their N from the middle layer instead of the deepest layer. But this study did not provide much information about what will happen when plants with different nutrient uptake strategies compete together. Instead, our study provides evidence that in moist tussock tundra communities, graminoids had higher capacity to absorb N from deeper soil than from shallower soil, while shrubs were more capable of absorbing N from shallower soil than from deeper soil.
Despite the variation in N uptake depth of graminoids between studies, all the studies, including ours, consistently showed that graminoids take up most of their N from deeper soil layers than shrubs.
In addition, Keuper et al. (2014) showed that in a sub-Arctic peatland (Table 2 ). An alternative explanation for the low 15 N enrichment for the surface injection treatment could be strong competition with microorganisms for nutrients. A global analysis showed that vertical distribution of microbial biomass follows the pattern of root distribution across major biomes (Xu, Thornton, & Post, 2013) . At our site root biomass is concentrated in the upper 15 cm, particularly for shrubs, so microbes may also be concentrated in the shallow soil, potentially leading to severe competition for nutrients between plants and microbes. Nordin, Schmidt, and Shaver (2004) found that in an Arctic tundra in Alaska, more than 40% of added N at 10 cm in the soil was recovered in microbes, while less than 1% was recovered in plants.
We found that N uptake potential from deep soil differed within graminoids, i.e. between grasses and sedges. Grasses had much higher 15 N atom% excess than sedges in the 15 cm and thaw front injection T A B L E 2 Leaf nutrient concentrations of each plant functional type treatments. A first explanation could be that grasses had relatively more roots in these deeper soil layers than sedges. However, according to another study at the same site (Wang et al., 2017) , sedges had a similar or a slightly higher proportional distribution of roots in layers below 15 cm than grasses, making this first explanation unlikely.
A second explanation could be that grasses and sedges differ in their lateral rooting patterns. The dominant sedge at our site, E. vaginatum, has a root system that goes down directly from the tussock without branching (Shaver & Cutler, 1979) , which can limit its ability to take up 15 N added between tussocks; while the grasses have roots with a lot of lateral branching (Miller et al., 1982) , enhancing their chance of capturing the added 15 N. Moreover, grasses might have higher preference for inorganic N than sedges. McKane et al. (2002) showed that E. vaginatum absorbed more organic N than inorganic N from the soil;
while Schulze, Chapin, and Gebauer (1994) suggested that the grass Calamagrostis canadensis (Michx.) P.Beauv., which is similar to the grasses at our site, had limited ability to use organic N.
Our results showed that shrubs were also capable of using N in deep soil, although to a lesser extent. In another study at the same site (Wang et al., 2016) , shrubs were found to have few roots deeper than 15 cm in the soil, and hence it is unlikely that they can absorb All the studies that investigated the patterns of N uptake depth of Arctic plants (Keuper et al., 2014; Oulehle et al., 2016; Zhu et al., 2016) , including ours, applied Since organic N accounts for a large part of the N pool in tundra soil (McKane et al., 2002; Nordin et al., 2004) , it is necessary to study uptake depth patterns of organic N of different Arctic plants, so as to verify the vertical niche differentiation of N uptake by plants in Arctic tundra.
| Implications for plant competition and vegetation change
The N:P ratio of about ten in our results (Table 2 ) is in line with our assumption that plant productivity in our site was N-limited (Güsewell, 2004; Koerselman & Meuleman, 1996; Wassen, Olde Venterink, & de Swart, 1995) , particularly for sedge species, whose N:P ratio was significantly lower than ten. The N limitation for plant growth implies that competition for N is an important part of tundra plant competition and highlights that more knowledge on N uptake is essential.
The expansion of deciduous shrubs, which is attributed to climate warming, has been observed across the tundra biome in recent decades (Callaghan et al., 2011; Myers-Smith et al., 2011; Tape, Sturm, & Racine, 2006) . The success of shallow-rooting deciduous shrubs over deeprooting graminoids suggests that climate warming might have increased the availability of nutrients in the top soil layer more than in the deeper layers. Besides the vertical location of nutrients in the soil, differentiation in the time of nutrient uptake can also be important, as shrubs may grow their roots very early in the season when graminoids still do not have many roots (Wang et al., 2016) . Therefore shrubs can absorb the nutrients released from snowpack and frozen soil, which can be important for their survival in the early stage of expansion. Moreover, since dwarf shrub cover can cool the soil beneath and reduce permafrost thaw in the summer (Blok et al., 2010; Juszak et al., 2016) , once shrubs establish at a site, they may out-compete graminoids through reducing accessible nutrients for graminoids in the deeper soil. For instance, at our study site in the lake bed the thawing depth under B. nanadominated vegetation is only 20-25 cm in late Jul, which is much shallower than that of ca. 35 cm in the adjacent E. vaginatum-dominated vegetation (Blok et al., 2010; Nauta et al., 2015; Wang et al., 2016) .
Although climate warming might have increased nutrient availability in the surface soil, the higher ability of graminoids to acquire nutrients from the deep soil can still give them an advantage over shrubs when permafrost thaw deepens. Keuper et al. (2012) showed that soils 0-10 cm below the thaw-front contained up to seven times more Some studies in sub-Arctic Sweden reported that the vegetation has shifted from shrub-dominated hummocks to graminoid-dominated vegetation as permafrost has thawed and subsided (Christensen et al., 2004; Malmer, Johansson, Olsrud, & Christensen, 2005) . Lantz, Kokelj, Gergel, and Henry (2009) found that in a sub-Arctic tundra in Canada active slumps resulting from permafrost thaw were dominated by herbaceous plants compared to undisturbed locations. However, these observed changes in vegetation might also be due to changes in soil moisture, as permafrost thaw and collapse can lead to wetter conditions. At our site, it was shown that increased permafrost thawing, without changes in soil moisture, enhanced above-ground biomass and abundance of sedges, which had the deepest root distribution among the plants at this site (Wang et al., 2017) . These findings suggest that as permafrost thaws and nutrient availability increases in the deep soil, graminoids can become dominant in a tundra community.
Graminoids can have even more advantages when climate warming also dries out the top soil and inhibits the nutrient mineralization there (Aerts, 2006; Hicks Pries, Schuur, Vogel, & Natali, 2013; Hinzman et al., 2005; Smith, Sheng, MacDonald, & Hinzman, 2005) , in which case the nutrient availability in the top soil would be more limited than in the deeper soil.
| CONCLUSION
Our study shows that graminoids and dwarf shrubs differ in their ability to absorb nutrients from different depths of soil. Graminoids are more capable of absorbing nutrients from deeper soil than dwarf shrubs. The higher N uptake potential from the deeper soil will enable graminoids to be more competitive if climate warming continues to deepen the thawing depth of permafrost and increase nutrient availability in the deeper soil, or if nutrient mineralization in the upper soil becomes limited by soil moisture.
